The Adaptive Poisson-Boltzmann Solver (APBS) software was developed to solve the equations of continuum electrostatics for large biomolecular assemblages. APBS has enjoyed widespread adoption throughout the biomedical community and is used in numerous applications involving biomolecular structures. However, visualization of complex biomolecular electrostatic properties can be challenging for two-dimensional graphics systems. Therefore, advanced visualization and manipulation capabilities have been incorporated. In particular, APBS tools have been integrated with the UnityMol-APBS virtual reality platform to provide an immersive experience for preparing biomolecular systems for calculations as well as visualizing and comparing calculated results.
Introduction
Understanding and predicting biomolecular processes requires a basic knowledge of the electrostatic interactions possible within a molecular system [1] [2] [3] . Many programs 1 , such as PyMOL [4] , VMD [5] , Chimera [6] , and UnityMol [7] provide platforms for the analysis of protein systems-including electrostatic interactions-by implementing methods to visualize experimental and computationally derived data to understand both molecular structure and function. However, visualization of molecular systems is currently completed using a variety of tools that all contain a common, and inherent limitation: three-dimensional objects are observed using a two-dimensional interface. Manipulation of three-dimensional objects on a two-dimensional screen requires using a combination of mouse or track-pad, and keyboard interactions to facilitate the desired movements.
Molecular visualization with UnityMol-APBS
Full immersion amongst a series of molecular systems offers a glimpse into possible interactions between protein species, small molecules, or synthetic assemblies. Several new visualization approaches have been developed to employ a virtual reality (VR) interface to allow a researcher the ability to be completely immersed within a given molecular system [8] [9] [10] [11] [12] [13] . Current advanced visualization platforms range from freeware to commercial applications providing multi-user interaction. Single-user VR software varies from viewing-only applications (Educhem-VR [12] ) to tools which provide various degrees of user interaction both in a desktop environment and using a VR interface; e.g., UnityMol-APBS, ChimeraX [14] , and Nano Simbox [15] . Collaborative VR software includes Nanome [9] , a collaborative VR environment for drug discovery, and Nano Simbox [15] , a collaborative virtual environment for interacting with molecular dynamics (MD) simulations. VR environments have been shown to increase the rate of scientific discovery. For example, the developers of Nano Simbox attempted to quantify the positive impact of using a virtual environment for general molecular visualizations and manipulations and found a 10-fold increase in productivity [15] .
UnityMol-APBS has been developed using the Unity game engine for both standard desktop (Windows, Mac OS X, and Linux) and a virtual reality (Windows only) interface. A Python terminal has also been included to provide an improved user experience. The original UnityMol software is available free of charge and can be downloaded from a repository at SourceForge 2 . UnityMol-APBS is a second-generation molecular visualization application derived from UnityMol, originally introduced in 2013 and developed by Marc Baaden and his research group at CNRS, at the Institute of Physico-Chemical Biology. Capabilities of UnityMol-APBS include customization of the visual representation of molecular systems, the ability to concomitantly visualize and manipulate multiple molecular structures, an integrated trajectory player compatible with GROMACS trajectories, and calculation of electrostatic properties using APBS. High quality images can be generated from within UnityMol-APBS, allowing the export of publication quality figures from within a virtual space.
Molecular electrostatics with APBS
As discussed in our article from the previous Tools for Protein Science special issue [2] , APBS is one of several software packages for calculating electrostatic properties of biomolecular systems 3 . The APBS software was developed to solve the Poisson-Boltzmann (PB) equation [16] [17] [18] for the calculation of biomolecular solvation properties and electrostatic interactions:
which is solved on a domain Ω ⊆ R 3 with φ specified on the boundary of that domain. In Eq. 1,
is a dielectric coefficient function that ranges between solute ε u > 0 and solvent ε v > 0 dielectric values, and ρ ∶ Ω ↦ R is a charge distribution function. For each mobile ion species, i = 1, . . . , M , q i ∈ R is the charge, c i > 0 is the concentration, and V i ∶ Ω ↦ R is the steric ion-solute interaction potential. Finally, β = (kT ) −1 > 0 is the inverse thermal energy where k is the Boltzmann constant and T is the temperature.
The main input to APBS is a PQR file that specifies the position in Ω, charge values for ρ, and radii (used to construct and V i ) for each atom. The PDB2PQR software 4 was developed to expedite the preparation of input files for analysis by APBS [3, 19] . The PDB2PQR software reads in a PDB file, converts it to the PQR format, repairs missing heavy atoms, optimizes titration states, adds missing hydrogen atoms, assigns radius and charge parameters, and automatically sets up subsequent APBS electrostatic calculations.
APBS and PDB2PQR can be used via command-line operations, through popular molecular visualization software (Chimera, PyMOL, VMD), or via a web-based interface. As described in this article, APBS and PDB2PQR tools have now also been incorporated into UnityMol-APBS with three primary goals:
• offer an intuitive visual interface to APBS functionality without the requirement of compiling,
• enable users to employ one application to calculate and immediately visualize and compare multiple results in a completely immersive virtual reality experience, and
• provide the terminal commands, that were sent from UnityMol-APBS to APBS and PDB2PQR as input, in a text file for the purposes of reproducibility of results.
Installation of the integrated UnityMol-APBS and APBS environment is straightforward: both executables should be downloaded and installed on the user system using default values 5 .
Methods and results
The APBS toolset, including PDB2PQR, was integrated with UnityMol-APBS to allow users access to high level analysis, VR visualization, and manipulation of molecular systems. UnityMol-APBS was specifically chosen for integration with APBS due to high quality visual representations, ease of interactions with multiple molecular objects, powerful tools for visual manipulations, and the ability to switch between a desktop and a virtual environment. Additionally, the Python interfaces for APBS and UnityMol-APBS facilitated this integration. All APBS tools are directly accessed from within UnityMol-APBS (see Figure 1 ) and can be used from within the desktop application or a virtual environment to allow immediate comparison of many structural properties including titration states, electrostatic surface potentials, electrostatic field lines, hydrogen bonding interactions, and salt bridge formation.
The examples below illustrate how to visualize the properties of proteins with natural and unnatural residues. Values used in the examples are intended as a demonstration and are not necessarily the recommended values for all applications. For the examples shown in this paper, the HTC Vive VR system was used. However, several VR headsets are supported including: Oculus CV1, DK2, and Rift S. Both the desktop and VR environments of UnityMol-APBS save all user commands as a Python script that can then be loaded later to reproduce or reuse the visualization workflow.
Analyzing acetylcholinesterase (AChE) electrostatic surface potentials and field lines
Torpedo californica AChE is an enzyme that operates incredibly fast with high selectivity, in part, due to its electrostatic properties [20] . Catalysis occurs at an active site buried within the enzyme. Electric fields help guide positively charged substrates from the enzyme exterior through a narrow channel to the buried active site as shown in the UnityMol-APBS-APBS visualization in Figure  2 . As such, this enzyme is a good example for exploring electrostatic surface potentials and electrostatic field lines in an immersive and virtual experience. The instructions provided here for the AChE analysis can be used as a template for other uses of UnityMol-APBS-APBS. The Appendix includes step-by-step instructions for this example (Example A.1) as well as output Python code (Example A.2). Structural information for Torpoedo californica AChE was obtained from PDB entry 5EI5, downloaded in PDB format and opened with UnityMol-APBS. Once loaded, the default force field parameters for AMBER [21] were chosen and amino acid protonation states were estimated using PROPKA at pH 7.0. PROPKA is a heuristic method for computing pK a values by incorporating effects due to desolvation, hydrogen bonding, and charge-charge interactions [22] . PDB2PQR was used with the options --apbs-input --summary --salt --hbond to prepare the structure for calculation and create an APBS input file (see Figure 1) . UnityMol-APBS created a PQR file for the prepared molecule in the same directory as the original PDB file. Hydrogen bonding and salt bridge information were output from PROPKA as .hbonds and .salt files; formats that can be loaded as new atom/residue selections into UnityMol-APBS. Default parameters for the APBS PB electrostatics calculation were selected through the UnityMol-APBS interface. APBS writes electrostatic potential output in OpenDX format that can be loaded by UnityMol-APBS.
This OpenDX data can be loaded into the proper molecule in UnityMol-APBS to color the molecular surface based on electrostatic potential; the result is shown in Figure 2 which illustrates the strong electric field in the AChE active site channel. Due to its confined geometry, this channel is extremely challenging to explore with traditional molecular visualization methods but is much easier in VR. UnityMol-APBS can also be used to generate animated field lines for representing the electrostatic potential gradient as shown in the supplementary information video available at https://youtube.com/watch?v=WyFCKwFqJ7o&t. 
Using custom force fields for artificial enzyme lactococcal multidrug resistance regulator (Rh-LmrR*) electrostatics
Rh-LmrR* (Figure 3 ) is an artificial metalloenzyme capable of hydrogenating CO 2 to formate (a liquid fuel) [23] . This system was chosen as the second example to illustrate the use of custom force fields with UnityMol-APBS and APBS: the metalloenzyme contains a covalently anchored Rh-(bis)diphosphine cofactor that cannot be analyzed using standard force field parameters. Analysis of the hydrogen bonding interactions, salt bridge locations, and calculation of the electrostatic potential at multiple atoms (including the Rh metal center as well as the ligated phosphorus atoms) was completed using the APBS tools via the UnityMol-APBS interface. Structural data for the artificial metalloenzyme was first obtained from crystallographic data (PDB ID 6DO0) with further minimization via density functional theory (DFT) calculations and conformational sampling using MD simulations in GROMACS [24] . The PDB file for Rh-LmrR* was loaded into UnityMol-APBS and PDB2PQR was used to prepare the structure for APBS calculations as described in the AChE example above. The parameters for the Rh complex do not exist in the standard library, therefore force field parameters for Rh-LmrR* were generated. DFT calculations were performed in NWChem 6.5 [25] using the B3LYP functional [26, 27] and 6-31G* basis set [28, 29] for all atoms except for Rh, which used a large-core correlation-consistent pseudopotential basis sets [30] . The geometries were optimized in gas phase, and verified as minima using Hessian calculation in the rigid-rotor, harmonic approximator. For the charge calculation, the complex was capped with methyl groups, constrained to an overall neutral charge, and all equivalent atoms were constrained to equal values. Charges for atoms other than Rh and P were calculated using the RESP procedure [31] . The atomic point charges of the Rh center and phosphorus atoms were obtained using the Blöchl scheme [32] , since the RESP scheme resulted in unphysical values. Lennard-Jones parameters for each atom were taken from the GAFF force field [33] , except for Rh which used UFF [34] .
UnityMol-APBS allows custom force field and residue names to be used by duplicating the base force field files and amending new custom force field and residue name data as described in the APBS-PDB2PQR documentation 6 . Once these files are prepared, the data can be loaded via the UnityMol-APBS "PDB2PQR menu" by entering the paths to the custom force field into the"Find FF" input field and the custom residue names into the "Find FF names" input field. When PDB2PQR is launched via UnityMol-APBS, the paths to the custom files will be automatically loaded. After creation of the PQR file by PDB2PQR, APBS can be launched to solve the PB equations for continuum electrostatics. Loading the OpenDX file after a PQR file in UnityMol-APBS will allow viewing of the electrostatic surface potential and electrostatic field lines. A movie illustrating these operations is available as Supplementary Information at https://www.youtube. com/watch?v=1A2UbktYdsY.
As an example, we compared the electrostatic potential of the four phosphorus atoms and the Rh metal center of the complex alone in solution to the Rh-complex immobilized within the protein scaffold. In the original publication [23] , it was found that the Rh-complex alone in solution was not catalytic; however, once it was immobilized in the protein scaffold, catalytic activity was observed. In addition to the conformational restrictions, the protein scaffold also shifts the electrostatic potential at the catalytic site. Using the APBS multivalue tool via UnityMol-APBS, we measured the electrostatic potential at each atom in the site. All four phosphorus atoms were perturbed upon immobilization with an average shift of +40 ± 15 mV relative to the Rh-complex alone in solution. The Rh center shifted +65 mV upon immobilization within the protein environment.
Using VR to explore the active site of an artificial enzyme in an immersive environment is helpful when trying to understand the electrostatic environment, spatial restraints, local flexibility, and potential beneficial or inhibiting interactions of neighboring residues. A full immersion experience allows the user to observe the protein surface from within the protein scaffold, a feature that is drastically hindered when using a standard 2D interface. As illustrated in Figure 4 , the VR environment is particularly well-suited to measuring distances, angles, and electrostatics potentials at specific sites in the protein (e.g., the Rh metal center). The APBS multivalue tool can be used to identify the electrostatic potential at specific atoms selected in UnityMol-APBS as described in the Appendix (Example A.3).
Future of APBS
APBS has been in public use for nearly 20 years, thanks to ongoing support by the National Institutes of Health to maintain and update the codes, work with the user base to ensure access and execution of the codes, and improve performance and incorporate new features based on new algorithms and user feedback. Any software package still in use over that span of time requires continuous updating and refinement to leverage emerging software technologies and improvements in measurement technology that affect the input data. Therefore, APBS is being redesigned, as illustrated in Figure 5 , to ensure the continued availability of this free and scalable software package for biomolecular electrostatics, solvation, and structure assessment/preparation.
The goal of the ongoing software re-engineering effort is to unify the software development into a single code-base that can be easily deployed on desktops, servers and cloud infrastructures. To achieve this goal, the software is being refactored as a microservices architecture to improve its extensibility and scalability. The PDB2PQR-APBS workflow has been implemented as a collection of loosely coupled components (i.e., microservices) offering lightweight REST interfaces. Microservices are deployed within Linux-based Docker containers to facilitate software maintenance and to ensure application scalability. Kubernetes, which is an open-source framework for container orchestration, is used for application deployment and management. The web-based user interface has also been redesigned to leverage current web development technologies and to provide improved user interaction. This redesign will support continued maintenance of the code as well as facilitate Figure 4 : Example of using UnityMol-APBS to explore atomic distances and bond angles. Using a virtual environment to complete this task is simpler than a two-dimensional interface. Dihedral angles can also be shown directly using the UnityMol-APBS interface. Distance measurement line and angle measurement line are shown as blue lines. Grey spheres are used to highlight the selected atoms. 
